Based on nucleotide sequence homology with the Escherichia coli photolyase gene (phr), the phr sequence of Pseudomonas aeruginosa PAO1 was identified from the genome sequence, amplified by PCR, cloned, and shown to complement a known phr mutation following expression in Escherichia coli SY2. Stable, insertional phr mutants containing a tetracycline resistance gene cassette were constructed in P. aeruginosa PAO1 and P. syringae pv. syringae FF5 by homologous recombination and sucrose-mediated counterselection. These mutants showed a decrease in survival compared to the wild type of as much as 19-fold after irradiation at UV-B doses of 1,000 to 1,550 J m ؊2 followed by a recovery period under photoreactivating conditions. A phr uvrA mutant of P. aeruginosa PAO1 was markedly sensitive to UV-B irradiation exhibiting a decrease in survival of 6 orders of magnitude following a UV-B dose of 250 J m ؊2 . Complementation of the phr mutations in P. aeruginosa PAO1 and P. syringae pv. syringae FF5 using the cloned phr gene from strain PAO1 resulted in a restoration of survival following UV-B irradiation and recovery under photoreactivating conditions. The UV-B survival of the phr mutants could also be complemented by the P. syringae mutagenic DNA repair determinant rulAB. Assays for increases in the frequency of spontaneous rifampin-resistant mutants in UV-B-irradiated strains containing rulAB indicated that significant UV-B mutability (up to a 51-fold increase compared to a nonirradiated control strain) occurred even in the wild-type PAO1 background in which rulAB only enhanced the UV-B survival by 2-fold under photoreactivating conditions. The frequency of occurrence of spontaneous nalidixic acid-resistant mutants in the PAO1 uvrA and uvrA phr backgrounds complemented with rulAB were 3.8 ؋ 10 ؊5 and 2.1 ؋ 10 ؊3 , respectively, following a UV-B dose of 1,550 J m ؊2 . The construction and characterization of phr mutants in the present study will facilitate the determination of the roles of light and dark repair systems in organisms exposed to solar radiation in their natural habitats. Natural sunlight has a profound effect on much of the life on earth, both from the positive standpoint of the utilization of radiant energy for photochemical and photobiological processes and from the negative standpoint of the harmful effects of UV radiation (UVR) on organisms. The UV wavelengths which reach the earth's surface are classified as UV-A (320 to 400 nm) and UV-B (290 to 320 nm). The UV-A or far-UV wavelengths typically cause only indirect damage to cellular DNA through catalyzing the formation of chemical intermediates such as reactive oxygen species (10). In contrast, UV-B or near-UV radiation can cause direct DNA damage by inducing the formation of DNA photoproducts, of which the cyclobutane pyrimidine dimer (CPD) and the pyrimidine(6-4)pyrimidinone (6-4PP) are the most common (29). The accumulation of DNA photoproducts can be lethal to cells through the blockage of DNA replication and RNA transcription.
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Natural sunlight has a profound effect on much of the life on earth, both from the positive standpoint of the utilization of radiant energy for photochemical and photobiological processes and from the negative standpoint of the harmful effects of UV radiation (UVR) on organisms. The UV wavelengths which reach the earth's surface are classified as UV-A (320 to 400 nm) and UV-B (290 to 320 nm). The UV-A or far-UV wavelengths typically cause only indirect damage to cellular DNA through catalyzing the formation of chemical intermediates such as reactive oxygen species (10) . In contrast, UV-B or near-UV radiation can cause direct DNA damage by inducing the formation of DNA photoproducts, of which the cyclobutane pyrimidine dimer (CPD) and the pyrimidine(6-4)pyrimidinone (6-4PP) are the most common (29) . The accumulation of DNA photoproducts can be lethal to cells through the blockage of DNA replication and RNA transcription.
The effect of UV-B radiation on the ecology of microorganisms has been studied in aquatic systems and in the habitat of the plant leaf surface or phyllosphere. In marine environments, bacterioplankton are highly susceptible to UV-B, with results from field studies indicating that exposure to natural solar UVR can result in decreases in total cell density, reduction in amino acid uptake, increases in measurable CPDs, and significant inhibition of protein and DNA synthesis (3, 16, 26, 27) . Solar UVRs also affect the population levels and species composition of bacteria recovered from the peanut phyllosphere at different times of day (39) , and increased UV-B irradiation above ambient levels results in alterations of the relative abundance of certain fungal species in the oak phyllosphere (28) . Examinations of the effects of UVR on individual bacterial isolates from marine or phyllosphere environments have shown a range of sensitivity levels among different species and among isolates within a species (2, 18, 39, 41) . In one largescale analysis, the majority of culturable isolates recovered from the peanut phyllosphere community were tolerant to relatively large doses of UV-C (254 nm) radiation in vitro (39) .
Bacteria are particularly vulnerable to UVR damage because their small size limits effective cellular shading (13) and their unicellular nature places a paramount importance on the successful replication of the genome for growth to continue. Thus, the possession of mechanisms to repair UVR-induced DNA damage is an essential contributor to the ecological fitness of organisms that are regularly exposed to solar UVR.
Bacteria have evolved four main mechanisms in the repair or damage tolerance of UVR-damaged DNA, including photoreactivation, nucleotide excision repair (NER), mutagenic DNA repair (MDR), and recombinational DNA repair (12) . Photoreactivation in bacteria involves a single enzyme called photolyase which binds CPDs and, in a light-dependent step, monomerizes the CPD and dissociates from the repaired lesion (47) . The photolyase enzyme contains two distinct chromophores, of which the first one (either 5,10-methenyl tetrahydrofolate or 8-hydroxy-5-deazaflavin) harvests light energy and transfers it to a reduced flavin chromophore that acts as the reaction center in CPD monomerization (22) . CPD photolyases are widely but also sporadically distributed among eubacteria, archaea, and eukaryotes comprising two distinct classes: class I CPD photolyases are found in bacteria and lower eukaryotes, and class II CPD photolyases, with one exception, are found in higher eukaryotes (47) .
Few ecological studies have delineated the importance of individual DNA repair or damage tolerance mechanisms in organisms for survival following exposure to solar UVR in their native habitats. An MDR system, encoded by the rulAB determinant of Pseudomonas syringae, confers a UVR tolerance phenotype that enables strains to maintain significantly larger populations in the bean phyllosphere following UV-B irradiation (40, 41) . Spores of Bacillus subtilus were shown to require NER, spore photoproduct lyase (a photolyase), and an additional unknown mechanism for survival following exposure to solar radiation (45) . The role of photoreactivation and dark repair has been inferred from field studies of CPD kinetics in bacterioplankton samples from the marine water column (16, 17) . These studies showed that CPD levels followed a diel pattern with maximum damage present at late-afternoon samplings and subsequent reductions in CPDs during night-time hours (17) . An additional study using artificial UV-B wavelengths and solar radiation also suggested the importance of exposure to photoreactivating wavelengths in bacterioplankton recovery following irradiation (19) . While these studies suggest that both photoreactivation and dark repair are important processes in bacterioplankton, they have not resolved the importance of individual repair mechanisms nor have they accounted for the possibility of artifacts caused by differences in the relative abundance of particular organisms at each sampling time.
Our long-term goal is to perform ecological studies in which the survival of and relative rates of DNA repair of organism derivatives with alterations in specific DNA repair pathways can be examined in microcosms and in the field. In the present study, we isolated the gene encoding photolyase (phr) from P. aeruginosa, a ubiquitous soil and aquatic organism, and utilized the gene to construct stable insertional phr mutants of P. aeruginosa and P. syringae. We then assessed the contribution of photoreactivation, NER, and MDR to survival and mutability following UV-B irradiation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains, plasmids, and specific oligonucleotides utilized which were relevant to this study are listed in Table 1 . All bacterial strains were grown in Luria-Bertani (LB) medium (Difco) or King's medium B (KB) (23) ; E. coli strains and P. aeruginosa PAO1 were grown at 37°C, and P. syringae pv. syringae FF5 was grown at 28°C. Plasmid transfer from E. coli to Pseudomonas strains was accomplished by triparental mating using the helper plasmid pRK2013. Briefly, saline (0.85% NaCl) washed cells from 10-ml overnight cultures of donor, recipient, and helper strains were mixed in a 3:3:1 ratio, spotted onto LB agar (total volume, 70 l)/ and incubated at 28°C for 8 h. The cells were scraped from the plates into 3 ml of saline, and the exconjugants were selected by plating on MG medium (20) or Pseudomonas Isolation Agar (Difco) supplemented with appropriate antibiotics. Oligonucleotides were purchased from Life Technologies (Gaithersburg, Md.). Antibiotics were added to the media in the following concentrations: ampicillin, 75 g ml
Ϫ1
; carbenicillin, 200 g ml Ϫ1 ; gentamicin, (GEN) 100 g ml Ϫ1 for P. aeruginosa and 20 g ml Ϫ1 for P. syringae; nalidixic acid, 100 g ml
; rifampin, 100 g ml
; and tetracycline (TET), 200 g ml Ϫ1 for P. aeruginosa and 12.5 g ml Ϫ1 for P. syringae. Molecular biology techniques. Plasmid isolation from P. syringae was accomplished using the technique of Crosa and Falkow (7) . Restriction digestions, isolation of DNA fragments from agarose gels, PCR amplifications, ligations, and Southern transfer to nylon membranes were performed using standard techniques (32) . Genomic DNA from Pseudomonas strains was isolated using a genomic DNA isolation kit (Qiagen, Valencia, Calif.). DNA fragments used as probes were labeled with digoxigenin-11-dUTP (Genius kit; Boehringer Mannheim, Indianapolis, Ind.) according to the instructions of the manufacturer. Hybridizations at 65°C followed by high-stringency washes were performed as described previously (38) .
Construction of photolyase-deficient mutants of P. aeruginosa PAO1 and P. syringae pv. syringae FF5. The putative photolyase gene sequence from P. aeruginosa PAO1 was identified by performing a BLASTx search of the 15 March 1999 sequence release of the P. aeruginosa genome sequencing project, which was available at (http://www.pseudomonas.com), using the known sequence of the E. coli phr gene (33) . A single region of significant sequence homology was detected, suggesting the presence of a phr gene of 1,446 bp within the PAO1 genome. The intact putative PAO1 phr gene was amplified with the oligonucleotide primers phr 5Ј SacI and phr 3Ј orf XbaI, excised with the appropriate enzymes, and ligated into pJB321, creating the plasmid pJJK76. A strategy was also designed to amplify the putative phr sequence, including approximately 900 bp of flanking sequence, in two discontinuous segments. The primers phr 5Ј SacI and phr int ClaI and phr int KpnI and phr 3Ј XbaI were utilized to amplify the 5Ј and 3Ј regions as 1.2-kb fragments, respectively. The amplified fragments were digested with the appropriate restriction enzymes and sequentially ligated into pGem 7zfϪ, creating the plasmids pJJK44 and pJJK45. These cloning steps resulted in the deletion of approximately 57% of the phr coding sequence. With the fragments ligated in this manner, a SmaI site was maintained within the pGem7zfϪ polylinker between the ClaI and KpnI sites. This site was used to insert a tetracycline resistance (Tc r ) determinant (amplified from pBBR1MCS-3 using the primers Tc 5Ј BglII and Tc 3Ј BglII) that was excised from pJJK46 with BglII, and the ends were made blunt with Klenow fragment prior to ligation, creating pJJK47, and thereby generating an insertional mutation within phr. The entire cassette consisting of flanking sequences, phr sequences, and Tc r determinant was excised with SacI and XbaI and ligated into the suicide gene replacement vector pJQ200SK creating pJJK48. pJJK48 was transferred into P. aeruginosa PAO1, P. aeruginosa UA11079, and P. syringae pv. syringae FF5 by triparental mating. Following transfer, those recipient cells in which a plasmid integration event had occurred were selected on MG supplemented with GEN. Several isolated Gm r colonies were then cultured in LB broth containing TET. After 2 days of incubation, 0.1-ml samples were plated onto LB containing TET and 5% sucrose to counterselect against the sacB gene encoded on pJQ200SK. The sucrose-resistant (Suc r ) colonies recovered were subsequently tested for sensitivity to GEN as a phenotypic assay for loss of the vector sequences. Confirmation of loss of the vector sequences and the insertion of the Tc r cassette within the phr gene was done using Southern hybridization analysis of SacI-or XbaI-digested genomic DNA from the relevant strains using the PAO1 phr coding sequence from pJJK76 and the Tc r determinant from pJJK46 as probes. UV-B irradiation and MDR assays. Bacterial strains were grown to late-log phase in LB medium containing the appropriate antibiotics; 1 ml of the cultures were pelleted, washed with an equal volume of sterile saline solution, and resuspended in an equal volume of saline. For assays involving E. coli SY2/ pMS969 and SY2/pJJK76, 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to the culture medium prior to inoculation, since the phr gene in pMS969 is under the regulatory control of the vector tac promoter and the phr gene in pJJK76 is under the regulatory control of the pJB321 vector lac promoter. It should be noted that E. coli SY2 is a derivative of JM107 which contains the lacI q gene on the FЈ plasmid; pMS969, but not pJJK76, also encodes the lacI q gene. Cell suspensions were then diluted with an additional 9 ml of saline, placed in a sterile glass petri dish, and irradiated with UV-B wavelengths (peak at 302 nm) using an XX-15M model UV-B lamp (UVP Products, San Gabriel, Calif.) filtered through cellulose diacetate (Kodacel; Eastman Kodak, Rochester, N.Y.)
to eliminate any UV-C wavelengths (Ͻ290 nm) given off. The UV-B lamp was turned on 15 min prior to use to allow for stabilization of the UVR output. The energy output of the XX-15M lamp was monitored with a UV-X radiometer (UVP Products) and determined to be 4.0 J m Ϫ2 s
. Cell suspensions were mixed continuously while receiving the UV-B dose to eliminate survival as a result of shading. For the light repair assays, irradiated cells were maintained in covered glass petri dishes and illuminated for 1 h under white fluorescent lamps at 25°C prior to enumeration by dilution plating. ). For the dark repair assays, irradiated cells were plated under conditions in which the UV-B lamp provided the only source of illumination.
For the MDR assays, 0.1 ml of untreated cells and cells from all UV-B treatments were diluted in 0.9 ml of sterile saline and added to 1 ml of 2ϫ LB broth. Following overnight incubation in total darkness, appropriate dilutions of cell suspensions were plated on LB medium, LB medium containing rifampin, or LB medium containing nalidixic acid. The mutation frequency to rifampin resistance (Rif r ) or nalidixic acid resistance (Nal r ) was calculated as the number of Rif r or Nal r mutants per 10 8 cells.
RESULTS
Cloning of the P. aeruginosa PAO1 photolyase gene. A search of the in-progress P. aeruginosa genome sequence (15 March, 1999 update) using the program BLASTx (1) revealed the presence of a single open reading frame (ORF) with significant sequence similarity with the E. coli phr sequence. A recent, additional search of the completed P. aeruginosa genome sequence confirmed that only a single sequence showed homology with E. coli phr and indicated that this putative phr sequence was assigned gene number PA4660 (6, 37) . A multiple sequence alignment of the PAO1 phr sequence with other known phr sequences in the GenBank database indicated that the PAO1 phr sequence was most similar to that of class I photolyases (data not shown). The PAO1 phr gene appears to be expressed as part of an operon, since immediately upstream are three additional genes, PA4657 to PA4659, that would be transcribed in the same direction as phr (Table 2 ). There are 213 bp of noncoding sequence between genes PA4657 and PA4658 and 414 bp of noncoding sequence upstream of gene PA4657, where promoter sequences regulating the expression of phr could be located. Genes PA4656 and PA4661 (immediately downstream of phr) are both transcribed from the opposite DNA strand (37). 
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The putative phr ORF and approximately 0.9 kb of upstream and downstream flanking DNA was amplified from a preparation of P. aeruginosa PAO1 genomic DNA and ligated into pJB321 creating the plasmid pJJK76. To show that the sequence we had cloned contained the functional PAO1 photolyase gene, we transformed the E. coli phr mutant SY2 with either the cloned PAO1 phr gene on pJJK76 or the cloned E. coli phr gene on pMS969. Strain SY2 also carries mutant recA and uvrA alleles and is thus highly sensitive to UVR. Following irradiation with UV-B and exposure to visible light, the survival of E. coli SY2/pJJK76 and SY2/pMS969 was significantly increased (Fig. 1) . The survival increase of SY2/ pJJK76 was as great as 8,500-fold at the 26 J m Ϫ2 dose (Fig. 1 ). These initial results indicated that pJJK76 contained an active photolyase gene from P. aeruginosa PAO1. The slightly increased survival of SY2/pJJK76 relative to SY2/pMS969 at higher UV-B dose levels could be due to copy number differences between the respective plasmids, differential expression of the respective phr genes (possibly due to the presence of lacI q on pMS969), or to an increased efficiency of P. aeruginosa photolyase relative to E. coli photolyase.
Construction of photolyase knockout mutants of P. aeruginosa PAO1, P. aeruginosa UA11079, and P. syringae pv. syringae FF5. We utilized a PCR strategy to amplify 5Ј and 3Ј sections of the PAO1 phr gene along with approximately 900 bp of the flanking sequences on each end. Briefly, mutants were constructed via homologous recombination using pJJK48, a construct in the gene replacement vector pJQ200SK which contains a Tc r cassette inserted within phr. Following matings of pJJK48 with P. aeruginosa PAO1, UA11079, and P. syringae pv. syringae FF5, Gm r Tc r colonies were obtained, suggesting that the plasmid had recombined with the recipient strains at the phr locus. Following this initial recombination event, counterselection using TET and 5% sucrose was utilized, resulting in the selection of Suc r colonies which had undergone a second homologous recombination event generating the mutant strains GWS250 (PAO1 phr::Tc), GWS251 (UA11079 phr::Tc), and GWS252 (FF5 phr::Tc). The replacement of the wild-type phr sequence with the phr::Tc sequence in each strain was confirmed by separate hybridizations of genomic DNA digested with SacI or XbaI with the PAO1 phr sequence from pJJK76 and with the Tc r cassette from pJJK46 (data not shown).
UV-B sensitivity analysis of photolyase knockout mutants.
The survival of P. aeruginosa GWS250 was reduced by as much as 7-fold following UV-B doses up to 1,200 J m Ϫ2 and was reduced by 19-fold following a dose of 1,550 J m Ϫ2 compared to the survival of the wild-type PAO1 (Fig. 2) . Similar results were observed in the comparison of P. syringae pv. syringae GWS252 and the FF5 wild-type (Fig. 2) . We also observed the UV-B sensitivity of the PAO1 uvrA strain UA11079, and the PAO1 uvrA phr strain GWS251 constructed in this study. The maximum UV-B dose administered to these strains was 250 J m
Ϫ2
, approximately six times less than that of the wild-type or PAO1 phr backgrounds. The P. aeruginosa strain UA11079 was markedly reduced in survival, compared to the phr strain The closest homologs were identified in the present study through the use of BLASTp (1) with recovery under photoreactivating conditions (Fig. 2) . The P. aeruginosa uvrA phr double-mutant strain GWS251 was further reduced in UV-B survival with a difference of as high as 8,000-fold observed following the 250-J m Ϫ2 dose (Fig. 2) . Complementation of the mutant strains GWS250, GWS251, and GWS252 with the cloned P. aeruginosa phr gene on pJJK76 restored the survival of strains to wild-type levels (data not shown).
Examination of the role of photoreactivation, NER, and MDR in the UV-B survival of P. aeruginosa under photoreactivating conditions. The cloned rulAB determinant on pJJK17 conferred a twofold increase in survival to the wild-type PAO1 strain following the higher UV-B doses (1,200 and 1,550 J m Ϫ2 ) administered (Fig. 3A) . This is in contrast to previous experiments performed under dark conditions, as assessments of bacterial MDR are normally done, in which pJJK17 increased the survival of PAO1 approximately 20-fold following a UV-B dose of 1,550 J m Ϫ2 (21) . In the PAO1::phr background (GWS250), the rulAB determinant conferred a large increase in strain survival ( Fig. 3B; for comparison, the UV-B survival curve of the wild-type PAO1 background is also shown). Likewise for the PAO1::uvrA mutant (UA11079) and the PAO1::uvrA phr double mutant (GWS251), the rulAB determinant increased the UV-B survival, only at much larger magnitudes ( Fig. 3C and D) . In the case of the PAO1::uvrA mutant, the survival increase was 125-fold following the 250 J m Ϫ2 dose (Fig. 3C) , while a phenomenally large increase in UV-B survival of up to 23,333-fold at 250 J m Ϫ2 was observed in the PAO1::uvrA phr mutant containing rulAB (Fig. 3D) .
The by-product of MDR, an increase in cellular mutation frequency, can be assayed by examining the increase in levels of occurrence of spontaneous mutants following irradiation. We examined increases in the frequency of Rif r mutants, or Nal r mutants in the case of strains UA11079 and GWS251, which were already resistant to rifampin. Under photoreactivating conditions, when the increase in survival of PAO1/ pJJK17 was only 2-fold or less, relatively large increases in the frequency of Rif r mutants (as much as 51-fold at the 1,200 J m Ϫ2 dose compared to a nonirradiated control) were observed (Fig. 4) . The presence of pJJK17 in the PAO1::phr background (GWS250) resulted in larger increases in the frequency of Rif r mutants observed (Fig. 4; ranging from approximately 23-fold at the 150 J m Ϫ2 dose to 73-fold at the 1,550 J m Ϫ2 dose). The frequency of occurrence of Nal r mutants was assayed in the PAO1 uvrA and uvrA phr backgrounds because the PAO1 uvrA strain UA11079 was already Rif r . By comparison, Nal r mutants occurred at a frequency approximately sevenfold greater than that of Rif r mutants in strain PAO1/pJJK17 following UV-B doses over the range utilized in this study (data not shown). The significant increase in the UV-B survival of strains UA11079 and GWS251 conferred by pJJK17 (Fig. 3C and D) was accompanied by a corresponding increase in the frequency of Nal r mutants (Fig. 5) . The overall frequency of occurrence of Nal r mutants observed in strain GWS251 was as high as 2.1 ϫ 10 Ϫ3 at the 250-J m Ϫ2 dose (Fig. 5) . The trajectory of the increase in Nal r mutants with higher UV-B doses was smaller in the UA11079/pJJK17 combination as compared FIG. 3 . Survival of P. aeruginosa PAO1/pJB321 (E) and PAO1/ pJJK17 (rulAB ϩ ) (F) (A), GWS250/pJB321 (PAO1 phr) ({), PAO1/ pJB321 (E), and GWS250/pJJK17 (PAO1 phr rulAB ϩ ) (}) (B), UA11079/pJB321 (PAO1 uvrA) (ᮀ) and UA11079/pJJK17 (PAO1 uvrA rulAB ϩ ) (s) (C), and GWS251/pJB321 (PAO1 uvrA phr) (‚) and GWS251/pJJK17 (PAO1 uvrA phr rulAB ϩ ) (OE) (D) after UV-B irradiation. Each datum point represents the mean (Ϯ the standard error of the mean) from three replicate experiments.
FIG. 4. Analysis of rulAB-mediated
, and GWS250/pJJK17 (PAO1 phr rulAB ϩ ) (}). Rif s strains were irradiated with different doses of UV-B, samples were removed to initiate cultures which were incubated in LB medium for 18 h, and the number of Rif r colonies was determined. The number of spontaneous mutations conferring Rif r in the absence of UV-B irradiation has been subtracted. Each datum point represents the mean (Ϯ the standard error of the mean) from three replicate experiments.
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DISCUSSION
Photoreactivation is thought to be an important component of the bacterial arsenal in the repair or reversal of UV-Bmediated DNA damage; however, relevant data generated using defined mutants are lacking, thus precluding comparative examinations of the relative importance of photoreactivation and other DNA repair mechanisms to cell survival. Our analyses of the UV-B survival of photolyase-deficient mutants of P. aeruginosa and P. syringae demonstrated the importance of this DNA repair mechanism and also indicated that other dark repair mechanisms, such as NER and MDR, are active contributors to the overall cellular repair effort even when repair is ongoing under photoreactivating conditions.
Our work confirms the importance of NER since the P. aeruginosa uvrA mutant UA11079 was greatly increased in UV-B sensitivity compared to the phr mutant GWS250. Most photolyase enzymes are specific for pyrimidine dimers and are incapable of reversing other DNA lesions (47) . In contrast, NER actively repairs CPDs and 6-4PPs, the two most common lesions caused by UV-B irradiation (29) . The sharp increase in UV-B sensitivity of the P. aeruginosa uvrA phr double-mutant GWS251 is comparable to results obtained with uvr phr mutants of E. coli and of the yeast Saccharomyces cerevisiae (33, 4) . These observations are attributed to the cooperative action of photolyase and the excision repair proteins. In these organisms, the photolyase enzyme binds to CPDs even in the absence of photoreactivating light, and the enzyme-bound complex enhances CPD recognition by the UvrABC excision nuclease (33, 34) . Although not investigated in the present study, our results suggest that the photolyase and Uvr proteins of P. aeruginosa act in a similar cooperative fashion.
The ability of the rulAB determinant to restore the survival of the P. aeruginosa phr and uvrA mutants and to increase the survival of the phr uvrA mutants by over 23,000-fold illustrates the ability of an MDR system to effect large-scale DNA repair. The associated hypermutability of Uvr Ϫ MDR ϩ strains has been demonstrated previously in E. coli under low-UVR fluence conditions (42) . Bacterial MDR systems present an interesting problem in the ecology of microorganisms. Some of these systems, such as rulAB, confer UVR tolerance and also elevate the cellular mutation rate. In other enterobacterial systems such as umuDC, the effect on the cellular mutation rate is substantial, while the contribution to UVR tolerance is less clear (43) . It has alternately been argued that this elevation in mutation rate would be deleterious to cells (5, 44) or could be a source of genetic change that would be beneficial to cells inhabiting changing environments (9, 35) . Our data indicate that, even in wild-type PAO1, the rulAB determinant confers a small increase in UV-B survival under photoreactivating conditions that is accompanied by a relatively larger increase in the occurrence of Rif r mutants. Thus, in nature, UVR-induced mutability could consistently occur in organisms expressing rulAB or similar MDR systems following DNA damage accumulation under light or dark conditions.
The availability of phr mutants of P. aeruginosa and P. syringae will facilitate the determination of the ecological importance of photoreactivation and MDR under field conditions. Under dark repair conditions, P. aeruginosa is characterized as relatively UV sensitive (8) . Plasmid-encoded MDR determinants have been previously described in native P. aeruginosa isolates (25, 36) , but the distribution of these determinants has not been systematically analyzed. In P. syringae, we have previously shown that the phenotype of tolerance to UVR conferred by rulAB is required for the maintenance of populations in their phyllosphere habitat (41) . Phyllosphere population size is correlated with disease incidence in P. syringae, and phyllosphere populations represent an inoculum source in terms of dissemination of the bacterium in the environment (15) . We have also shown that rulAB-mediated MDR is readily detectable in established phyllosphere populations of P. syringae (21) . The availability of the phr mutant P. syringae pv. syringae GWS252 will also enable us to examine the contribution of phr and rulAB to solar UVR survival and mutability under field conditions.
The difficulty with the currently available data on the importance of dark repair processes in organisms exposed to solar radiation (e.g., references 16 and 17) is that the contribution of photoreactivation to repair when organisms are sampled is unknown. Since the spectrum of wavelengths of solar radiation concurrently contains UV-B damaging wavelengths and photoreactivating wavelengths, sampling organisms after solar radiation exposure and placing them under dark conditions would still most likely result in the occurrence of some level of photoreactivation. Studies with genetically defined phr mutants would eliminate this problem and facilitate investigations into other ecological questions concerning photoreactivation, such as if photoreactivation enables P. syringae strains to colonize a larger sunlight-exposed surface area in the phyllosphere or if there are any alterations in the relative expression of damageinducible genes such as recA and rulAB in wild-type and photolyase-deficient backgrounds. FIG. 5 . Analysis of rulAB-mediated MDR in P. aeruginosa UA11079/ pJB321 (PAO1 uvrA) (ᮀ), UA11079/pJJK17 (PAO1 uvrA rulAB ϩ ) (s), GWS251/pJB321 (PAO1 uvrA phr) (‚), and GWS251/pJJK17 (PAO1 uvrA phr rulAB ϩ ) (OE). Nal s strains were irradiated with different doses of UV-B, samples were removed to initiate cultures which were incubated in LB medium for 18 h, and the number of Nal r colonies was determined. The number of spontaneous mutations conferring Nal r in the absence of UV-B irradiation has been subtracted. Each datum point represents the mean (Ϯ the standard error of the mean) from three replicate experiments.
